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Connectivity	 between	 populations	 influences	 both	 their	 dynamics	 and	 the	 genetic	
structuring	of	 species.	 In	 this	 study,	we	explored	connectivity	patterns	of	a	marine	
species	 with	 long-	distance	 dispersal,	 the	 edible	 common	 sea	 urchin	 Paracentrotus 
lividus,	 focusing	 mainly	 on	 the	 Adriatic–Ionian	 basins	 (Central	Mediterranean).	We	
applied	a	multidisciplinary	approach	integrating	population	genomics,	based	on	1,122	
single	nucleotide	polymorphisms	(SNPs)	obtained	from	2b-	RAD	in	275	samples,	with	
Lagrangian	 simulations	 performed	with	 a	 biophysical	model	 of	 larval	 dispersal.	We	
detected	genetic	homogeneity	among	eight	population	samples	collected	in	the	focal	
Adriatic–Ionian	 area,	 whereas	 weak	 but	 significant	 differentiation	 was	 found	 with	
respect	to	two	samples	from	the	Western	Mediterranean	(France	and	Tunisia).	This	
result	 was	 not	 affected	 by	 the	 few	 putative	 outlier	 loci	 identified	 in	 our	 dataset.	
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PLD,	 indicating	 that	marine	populations	can	be	 less	connected	 than	
expected.	 Limited	 connectivity	 between	 populations,	 even	 at	 small	
spatial	scales	(Taylor	&	Hellberg,	2003),	may	be	explained	by	a	number	
of	mechanisms	related	to	the	biology	of	each	species,	such	as	 larval	




poor	predictor	of	 realized	dispersal	 distance,	 because	water	 circula-











mon	 sea	urchin	Paracentrotus lividus	 (Lamarck,	 1816;	 Figure	1),	with	
special	focus	on	populations	in	the	Adriatic	and	Ionian	seas.	This	geo-
graphic	area	was	selected	in	the	FP7	CoCoNET	project	(http://www.
coconet-fp7.eu/)	 to	 investigate	 connectivity	 patterns	 of	 different	
species	and	to	understand	the	scale	at	which	marine	protected	areas	
(MPAs)	can	work	as	an	effective	network.	We	combined	a	population	
genomics	 approach	with	 Lagrangian	 simulations	produced	by	 a	 bio-
physical	 model	 coupling	 oceanographic	 reanalyses	 (used	 as	 drivers	




site-	associated	 DNA	 (RAD)	 sequencing	 method	 for	 genome	 reduc-
tion	(Baird	et	al.,	2008)	aimed	at	the	simultaneous	identification	and	
genotyping	of	thousands	of	SNPs	evenly	spread	across	the	genome.	
This	 next-	generation	 sequencing	 approach	 provides	 a	 much	 higher	




ferentiation	 (Stapley	 et	al.,	 2010)	 through	 the	 detection	 of	 outliers	
(Excoffier,	Hofer,	&	Foll,	2009).
Echinoderms	play	a	key	role	in	structuring	marine	ecosystems.	The	














throughout	 its	 distribution	 range	 using	 mitochondrial	 and	 nuclear	
DNA	 sequencing	 (Calderón,	 Giribet,	 &	Turon,	 2008;	Duran,	 Palacín,	
Becerro,	 Turon,	 &	 Giribet,	 2004;	 Maltagliati,	 Di	 Giuseppe,	 Barbieri,	
Castelli,	&	Dini,	2010;	Penant,	Didier,	Feral,	&	Chenuil,	2013).	These	
studies	 detected	 the	presence	of	 two	major	 genetic	 discontinuities:	
one	between	the	Atlantic	Ocean	and	the	Mediterranean	Sea,	explained	
by	the	Almería-	Oran	hydrological	front	(Calderón	et	al.,	2008;	Duran	
F IGURE  1 Paracentrotus lividus	(source:	Kroh	&	Mooi,	2017)
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et	al.,	2004;	Maltagliati	et	al.,	2010),	and	the	other	one	between	the	
Adriatic	Sea	and	the	rest	of	the	Mediterranean	Sea	(Maltagliati	et	al.,	















and	 Ionian	basins;	 (4)	compare	the	patterns	obtained	 in	 (3)	with	the	
realized	connectivity	estimated	via	genetic	analyses,	 in	order	to	pro-
vide	 integrated	 and	 reliable	 data	 concerning	 the	 dispersal	 scale	 of	
P. lividus;	 (5)	obtain	useful	 information	for	the	planning	and	manage-
ment	of	MPAs	across	this	geographic	area	by	comparison	with	other	
target	species.
2  | MATERIALS AND METHODS
2.1 | Collection of samples, species confirmation, 




and	 Tunisia,	 FAO	 subarea	 37.1;	 FAO	 2004)	 between	 April	 2013	
and	October	2014	 (Table	1	and	Figure	2).	Sampling	 locations	 in	 the	
TABLE  1 Sampling	information	of	Paracentrotus lividus	population	samples	examined	in	this	study.	For	each	population	sample,	sampling	
information	about	area,	nation,	sampling	location,	acronym,	coordinates,	date,	and	number	of	individuals	N	(processed/analyzed)	are	reported
Area Nation Sampling location Acronym Coordinates Date N
Ionian	Sea Greece Othonoi	Island OTH 39.793289N	19.935636E July	2013 31/31
Ionian	Sea Albania Karaburun	Peninsula KAP 40.392800N	19.324967E June	2013 30/30
Adriatic	Sea Montenegro Boka	Kotorska BOK 42.387533N	18.569633E June	2013 26/25
Adriatic	Sea Croatia Kornati	Islands KOR 43.792250N	15.281483E June	2013 26/26
Adriatic	Sea Italy Tremiti	Islands TRE 42.138583N	15.523950E April	2013 29/28
Adriatic	Sea Italy Torre	Guaceto TOG 40.716650N	17.800050E May	2013 31/31
Adriatic–Ionian	Sea Italy Otranto OTR 40.109233N	18.519217E May	2013 30/30
Ionian	Sea Italy Porto	Cesareo POC 40.195250N	17.917950E May	2013 30/29
Western	Med.	Sea France Banyuls FRN 42.482290N	3.1374160E October	2014 26/26
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Adriatic–Ionian	 seas	were	 at	 nearest	 neighbors’	 distances	 between	
70	and	300	km.	The	two	additional	population	samples	from	France	
and	Tunisia	were	 included	for	comparison	at	a	 larger	scale.	At	each	
location,	 sea	urchins	were	collected	by	 scuba	divers.	For	each	 indi-
vidual,	 5–8	podia	were	 removed	and	preserved	 in	95–96%	ethanol	
until	 DNA	 extraction.	 Total	 genomic	 DNA	 (gDNA)	 was	 extracted	
using	 the	Eurogold	Tissue	DNA	Mini	Kit	 (EuroClone),	 and	 its	 integ-
rity	was	assessed	by	visualization	on	a	1%	agarose	gel	 stained	with	
GelRed	 (BIOTIUM,	GelRed™	Nucleic	Acid	Stain,	10,000×	 in	Water).	






10	 individuals	 from	 each	 population	 sample	 (N	=	119).	 To	 this	 end,	
amplification	 and	 sequencing	 primers	 from	Maltagliati	 et	al.	 (2010)	
were	used	with	the	following	PCR	conditions:	a	total	volume	of	20	μl 
containing	2	mmol/L	MgCl2,	 0.2	μmol/L	of	each	primer	 (Invitrogen),	











2.2 | Construction of 2b- RAD libraries
The	2b-	RAD	technique	(Wang	et	al.,	2012)	was	tested	on	six	samples	
and	 optimized	 for	 processing	P. lividus	 gDNA	 (2b-	RAD	oligonucleo-
tide	sequences	used	for	Illumina	sequencing	are	reported	in	Table	S1).	
Following	 this	 preliminary	 test,	 about	 400	ng	 of	 high-	quality	 RNA-	
free	 gDNA	 from	each	 individual	 (N	=	275)	was	 cleaved	with	2	U	of	
the	type	2b	restriction	endonucleases	CspCI	(New	England	BioLabs)	
overnight	 at	37°C,	 producing	 a	population	of	 fragments	of	 uniform	
length	 (35	bp)	with	protruding	ends	 (Marshall	&	Halford,	2010).	For	
each	 sample,	 1	μl	 of	 digested	 DNA	 was	 loaded	 on	 a	 1%	 agarose	
gel	 stained	with	GelRed™	alongside	 a	 comparable	 amount	of	 intact	
genomic	DNA	from	the	same	sample	to	check	the	performance	of	the	
restriction	 reaction.	 The	 digested	 products	were	 ligated	 to	 partially	
double-	stranded	 adaptors	 with	 compatible	 and	 fully	 degenerated	
overhangs	 in	a	25-	μl	 total	volume	reaction	consisting	of	0.4	μmol/L	
of	 each	 adaptor,	 0.2	mmol/L	 ATP,	 and	 40	U/μl	 T4	 DNA	 ligase	
(SibEnzyme).	The	2b-	RAD	tags	were	amplified	 for	a	 few	cycles	 (16)	
using	two	pairs	of	primers	to	amplify	and	to	introduce	sample-	specific	
barcodes	 (7	bp)	and	the	annealing	sites	 for	 Illumina	next-	generation	
sequencing.	Barcodes	were	designed	by	Barcode	Generator	(available	





England	BioLabs)	 in	 a	 total	 volume	of	 50	μl.	 Amplification	 products	
were	 run	 on	 1.8%	 agarose	 gel	 stained	with	 GelRed™	 to	 check	 the	
quality	 of	 reactions.	 PCR	products	 (1–10	μl)	 of	 different	 individuals	
were	pooled	according	to	the	concentration	of	the	target	band	(about	



















following	sequencing	results	of	 the	first	 run,	 the	relative	amount	of	
the	 target	 170	bp	 band	 of	 each	 individual	 was	 precisely	 estimated	
based	on	the	number	of	reads	obtained	for	each	sample.	A	new	pool	
was	 then	 assembled	 for	 each	 group	 of	 individuals,	 adjusting	 vol-






2.4 | De novo analysis: in silico identification of 
loci and genotyping
The	 quality	 of	 raw	 demultiplexed	 reads	 was	 checked	 with	 FastQC	
software	 (available	 at	 http://www.bioinformatics.babraham.ac.uk/
projects/fastqc/);	 then,	 custom-	made	 scripts	 were	 used	 to	 filter	
reads	 for	 the	presence	of	CspCI	 recognition	sites	and	 to	 trim	adap-
tors,	 obtaining	 sequences	 of	 uniform	 length	 (32	bp).	 The	 trimmed,	
high-	quality	reads	 (mean	quality	score	per	base	>	37)	were	used	for	
subsequent	 analysis.	 In	 silico	 assembly	 of	 loci	 and	 genotyping	 was	
performed	 using	 STACKS	 software	 (Catchen,	 Hohenlohe,	 Bassham,	
Amores,	 &	 Cresko,	 2013)	 employing	 the	 “denovo_map.pl”	 pipeline.	
A	technical	replicate	of	one	sample	was	used	to	estimate	error	rates	
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input	 file	 into	 input	 formats	 for	different	genetic	analysis	programs.	
The	final	dataset	included	all	polymorphic	loci	present	in	at	least	80%	
of	 the	 individuals,	 and	 it	was	characterized	by	 the	presence	of	1–3	
SNPs	and	2–6	alleles.	When	multiple	SNPs	were	found	at	one	locus,	
only	 the	 SNP	 with	 the	 highest	 expected	 heterozygosity	 (proxy	 for	
polymorphic	 content,	 Phillips,	 2005)	 across	 the	 whole	 dataset	 was	
retained.	The	threshold	of	missing	loci	per	individual	was	set	to	30%.
2.5 | SNPs validation by Sanger sequencing
To	evaluate	 the	accuracy	of	 the	2b-	RAD	protocol	and	 to	verify	 the	






database.	 Consensus	 sequences	 of	 a	 subset	 of	 2b-	RAD	 loci	 with	
different	polymorphism	 levels	were	used	as	query	 for	a	 local	blastn	
against	the	EST-	linked	sequences	database.	Consensus	sequences	of	
each	locus	and	its	matching	EST-	linked	sequences	were	aligned	using	
CLUSTALW	Omega	 tool	 (available	 online	 at	 http://www.ebi.ac.uk).	






2.6 | Analysis of population genomics data






The	 analyses	 of	 population	 differentiation	 and	 population	
genetic	 structuring	 were	 performed	 using	 different	 programs.	
ARLEQUIN	 3.5	 (Excoffier	 &	 Lischer,	 2010)	 was	 used	 to	 calculate	
pairwise	 genetic	 distances	 between	 populations	 (FST),	 as	 well	 as	
nonhierarchical	 and	 hierarchical	 analysis	 of	 molecular	 variance	
(AMOVA;	 Excoffier,	 Smouse,	 &	Quattro,	 1992);	 in	 the	 latter	 case,	
all	 the	 possible	 partitions	 of	 populations	 in	 two	 and	 three	 groups	
were	tested.	Considering	the	presence	of	missing	data,	due	to	our	
filtering	strategy,	all	 the	analyses	were	performed	using	the	 locus-	
by-	locus	 option	 in	 ARLEQUIN.	 Significance	 levels	 for	 multiple	











modeled	 eight	 ideal	 populations	 using	 the	 overall	 SNP	 frequencies	
of	 the	 Adriatic–Ionian	 samples.	 A	 universal	 standard	 mutation	 rate	
(2.5	×	10−8	mutation	per	generation;	Pontes	et	al.	2015)	and	a	faster	
mutation	rate	(1	×	10−6)	were	tested.	A	wide	range	of	population	sizes	
was	 used	 (100–10,000),	 including	 the	 smallest	 effective	 population	
size	(Ne)	value	estimated	from	P. lividus	microsatellites	temporal	varia-
tion	(100	individuals;	Calderón,	Palacín,	&	Turon,	2009),	new	estimates	












Population	 genetics	 analyses	 typically	 assume	 that	 the	 markers	













Mediterranean	 Sea,	 as	 well	 as	 among	 Adriatic–Ionian	 population	




Malik,	 Sher,	 Avraham,	 &	 Ben-	Tabou	 de-	Leon,	 2016)	 using	 a	 local	
blastn	with	 an	 e-	value	 cutoff	 of	 3	×	10−6.	 The	matching	 contigs	 of	
P. lividus	transcriptome	were	compared	to	the	NCBI	nucleotide	collec-
tion,	and	the	top	blastn	hits	were	selected.
2.8 | Lagrangian simulations of larval dispersal in the 





Schiavina,	Marino,	 Zane,	 &	Melià,	 2014).	 As	 a	 thorough	 investiga-
tion	 of	 connectivity	 across	 the	 whole	 Adriatic–Ionian	 basin	 would	
require	basin-	wide	habitat	mapping,	which	is	not	available	at	present	
for	P. lividus,	we	adopted	a	conservative	approach	and	assessed	only	
direct	connections	among	 the	 limited	number	of	 locations	used	 for	
genetics.	 The	 existence	 of	 additional	 unmodeled	 P. lividus	 popula-
tions,	due	 to	 the	availability	of	suitable	 rocky	shore	habitats	across	






Oddo,	 Pastore,	 Pinardi,	&	Ravaioli,	 2010;	Oddo,	 Pinardi,	 Zavatarelli,	
&	Coluccelli,	2006)	and	provided	by	the	Adriatic	Forecasting	System	
(http://oceanlab.cmcc.it/afs).	 Daily	 average	 fields	 of	 current	 velocity	





The	 biological	 component	 of	 the	 model	 was	 based	 on	 the	
	available	knowledge	about	key	 life-	history	traits	affecting	 larval	dis-
persal.	 Considering	 an	 age	 at	 capture	 for	 sampled	 individuals	 that	




in	 days	when	water	 temperature	 exceeded	 18°C	 (Spirlet,	 Grosjean,	
&	Jangoux,	1998).	One	 thousand	Lagrangian	particles	 (representing	





larval	 duration	was	 assigned	 at	 birth	 to	 each	 individual	 and	 drawn	
from	a	Gaussian	distribution	with	mean	30	 (±5)	days	 (Fenaux	et	al.,	
1985;	 Pedrotti,	 1993).	 Trajectories	 were	 stepped	 forward	 at	 fixed	




















2.9 | Comparison with published cytb data
As	 mentioned	 in	 Introduction,	 Penant	 et	al.	 (2013)	 provided	 evi-
dence	for	significant	differentiation	on	a	small	geographic	scale.	For	





Considering	 that	 no	 differences	 were	 found	 for	 Adriatic	 and	
Ionian	 samples	 in	 our	 study	 using	 SNPs	 (see	 Section	 3),	 and	 the	
opposite	was	found	in	Penant	et	al.	(2013)	we	evaluated	the	statis-
tical	power	to	detect	predefined	levels	of	genetic	differentiation	in	
the	 two	studies.	To	 this	end,	we	used	 the	 forward-	time	simulation	
method	 of	 Ryman	 and	 Palm	 (2006),	 implemented	 in	 the	 software	
POWSIM	4.1,	which	allows	simulation	of	sampling	from	populations	
at	various	 levels	 of	 expected	 divergence	 using	 a	 classical	Wright–
Fisher	model	of	drift	without	migration	or	mutation.	We	performed	
two	 sets	 of	 simulations	with	 POWSIM,	 one	 using	 the	 cytb	 haplo-
type	 frequencies	 and	 sample	 sizes	 of	 the	 seven	 Adriatic–Ionian	
populations	 (N	=	10	 each)	 reported	 in	 Penant	 et	al.	 (2013),	 and	









markers	 (Hedrick,	 2011).	 For	 each	 run,	 200	 replicates	 were	 per-
formed.	In	the	case	of	SNPs,	the	executable	Powsim_b	was	used	to	
accommodate	more	than	1,000	loci.
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3  | RESULTS
3.1 | DNA extraction and species identification
The	extraction	protocol	allowed	successful	extraction	of	intact,	RNA-	
free	 genomic	 DNA	 from	 all	 275	 collected	 samples.	 A	 total	 of	 119	
partial	 cytb	 coding	 sequences	 of	 about	 1,000	bp	were	 obtained	 by	
Sanger	 sequencing;	 the	 blastn	 search	 against	 the	 NCBI	 nucleotide	
database	 confirmed	 the	 identification	 as	 Paracentrotus lividus	 of	 all	
tested	specimens.
3.2 | Sequencing results, filtering, and selection of 
loci for genetic analyses























Gadaleta,	 &	 Saccone,	 1989).	 As	 no	 matches	 were	 found	 with	 the	
mitochondrial	sequences,	the	1,122	loci	can	be	considered	as	nuclear	
markers.
3.3 | SNPs validation by Sanger sequencing




loci	with	different	polymorphism	 level	were	chosen	 for	 the	primers	
design.	PCR	conditions	were	optimized	for	each	locus,	and	nine	loci	













(Adriatic	 and	 Ionian	 seas)	 and	Western	Mediterranean	 (France	 and	
Tunisia),	the	analysis	of	molecular	variance	showed	that	most	of	the	
variation	(>99%)	occurred	within	populations	and	only	0.63%	among	
populations.	However,	 the	 corresponding	 global	FST	was	highly	 sig-
nificant	 (p	<	.0001),	 and	 its	 95%	 confidence	 interval	 (CI)	 did	 not	
include	 0	 (0.00435–0.00828),	 indicating	 the	 presence	 of	 genetic	
structuring	 across	 the	 study	 area.	 All	 sixteen	 pairwise	FST	 compari-
sons	between	Adriatic–Ionian	and	the	Western	Mediterranean	popu-
lation	 samples	were	highly	 significant,	with	FST	 values	 ranging	 from	
0.00663	 to	 0.02475	 (.0001	<	p	<	.0023;	 significant	 after	 Benjamini	
and	 Hochberg	 correction	 for	 multiple	 tests;	 Table	2)	 and	 95%	 CIs	
ranged	from	0.00211	to	0.03357.	In	the	Western	Mediterranean,	the	
comparison	 between	 France	 and	 Tunisia	 (FST	=	0.01013,	 p	=	.0021)	
was	also	highly	significant	after	correction	for	multitest.	Hierarchical	
AMOVA	 showed	 that	 the	 genetic	 variation	 can	 be	 partitioned	 into	
three	geographic	groups,	the	first	including	the	eight	Adriatic–Ionian	
population	 samples,	 the	 second	 including	 only	 the	 population	 sam-
ple	from	France,	and	the	third	one	including	the	sample	from	Tunisia	




Notably,	 the	 subdivision	 into	 two	 groups	 as	 proposed	 in	 the	 litera-
ture	(Central	vs.	Western	Mediterranean,	Maltagliati	et	al.,	2010)	was	




sample	 from	France,	 and	one	 including	 the	population	 sample	 from	
Tunisia.
At	the	basin	scale,	by	contrast,	pairwise	FST	values	among	the	eight	





SimuPOP	 forward-	time	 simulations	 revealed	 that,	 in	 the	 case	of	
complete	 isolation	 under	 pure	 drift,	 the	 observed	 FST	 of	 Adriatic–
Ionian	 population	 samples	 can	 be	 reached	 and	 exceeded	 in	 a	 few	
generations	 (Table	 S5).	 In	 particular,	 a	 maximum	 of	 45	 generations	







5–15	migrants	were	 sufficient	 to	 achieve	 and	 consistently	maintain	
the	observed	FST.	In	this	case,	the	equilibrium	was	reached	in	as	few	
as	2–15	generations	when	the	population	size	was	set	to	100–1,000	




To	 investigate	 whether	 the	 differentiation	 signal	 was	 generated	
by	 one	 or	 few	 loci	 putatively	 under	 positive	 selection,	 the	 data-









OTH KAP BOK KOR TRE TOG OTR POC FRN TUN
OTH .2658 .3513 .7535 .2974 .0343 .0562 .4461 <.0001 <.0001
KAP .00244 .0707 .9170 .5003 .8506 .4594 .3562 .0023 <.0001
BOK .00283 .00508 .1430 .3254 .5018 .3289 .0690 <.0001 <.0001
KOR .00053 −.00064 .00507 .8482 .5956 .8599 .6084 <.0001 <.0001
TRE .00257 .00166 .00329 .00015 .2869 .4514 .9383 <.0001 <.0001
TOG .00495 .00003 .00245 .00170 .00288 .8191 .8147 <.0001 <.0001
OTR .00472 .00203 .00353 .00038 .00233 .00061 .6421 <.0001 <.0001
POC .00180 .00227 .00559 .00151 −.00075 .00050 .00147 .0001 <.0001
FRN .01264 .00663 .01633 .01122 .01121 .00984 .01488 .01093 .0020
TUN .02475 .01999 .01886 .02029 .01612 .02350 .01882 .02233 .01013
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and	BAYESCAN.	After	FDR	correction	and	considering	the	results	
obtained	 in	 all	 three	 replicates,	 LOSITAN	 identified	 a	 total	 of	 17	
loci	as	putative	outliers	under	positive	selection	(high	FST/HE	ratio)	
when	 comparing	 Central	 and	 Western	 Mediterranean	 popula-
tion	 samples	 (Table	 S6).	 Specifically,	 five	 outliers	were	 identified	
between	 Adriatic–Ionian	 population	 samples	 and	 France,	 and	 12	
between	 Adriatic–Ionian	 samples	 and	 Tunisia.	 No	 outliers	 were	















confirmed	 also	when	 excluding	 the	 17	 putatively	 selected	 outliers	
from	the	dataset	 (Table	S7).	For	 instance,	compared	 to	 the	dataset	
comprising	all	1,122	 loci,	 a	 slight	 reduction	 in	 the	variation	among	
the	10	populations	was	 found	with	 the	1,105	putative	neutral	 loci	
(global	FST	=	0.00551,	p	<	.0001).	Similarly,	the	hierarchical	AMOVA	
on	 the	 three	 groups	 identified	 above	 (Adriatic–Ionian	 samples,	
France,	and	Tunisia)	 confirmed	 the	genetic	 structure	obtained	with	
the	full	dataset	(FCT	=	0.01067,	p	<	.0001).	The	pairwise	FST	between	




3.5 | Lagrangian simulations of larval dispersal in the 
Adriatic and Ionian basins
The	strength	of	each	sampling	location	to	serve	as	a	direct	source	of	
propagules	 for	 other	 locations	 is	 summarized	 through	 pie	 diagrams	
in	 Figure	4.	 The	proportion	 of	 actual	 released	 larvae	 (Figure	4)	 cor-
responds	 to	 the	 fraction	of	 the	 reproductive	period	 in	which	water	















sampling	 locations	 of	 the	 Adriatic–Ionian	 seas	 (see	 again	 Figure	2)	
ordered	in	a	counterclockwise	direction	from	OTH	to	OTR.	Retention	

































Release rate Arrival rate Survival rate Success rate
(a)
(b) (c) (d) (e) (f)
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(>20%)	 in	TOG	and	KAP.	 Self-	connections	 had	 also	 higher	 levels	 of	
persistence	 compared	 to	 cross-	connections,	 with	 the	 exception	 of	
TRE.	 All	 sampling	 locations	 were	 connected	 to	 the	 nearest	 loca-
tion	 in	 the	 counterclockwise	 direction,	 as	 revealed	 by	 the	 first	 ele-
ments	above	the	diagonal	in	the	matrix	of	connectivity	effectiveness	











and	KAP	were	 successful	 in	 crossing	 the	Adriatic	 Sea	 and	 reaching	




as	an	effective	 receptor	of	particles	 coming	 from	most	 locations	on	
both	sides	of	the	basin	(with	the	exception	of	the	two	northernmost	














of	about	8%	 in	May	and	a	maximum	 in	June	and	July	 (44%)	due	 to	
high	rates	of	particle	arrival	in	summer	months.	The	effect	of	tempera-





rate	 (p	>	.2),	 while	 survival	 showed	 a	 significant	 (p	=	.01)	 negative	
trend	 (y	=	−0.015t	+	31.05),	 suggesting	 that	 changes	 in	 water	 tem-
perature	may	have	determined	a	reduction	in	larval	survival	over	the	
last	decade	(Figure	S1).
3.6 | Comparison with published cytb data
The	available	cytb	sequences	for	Adriatic	and	Ionian	samples	(seven	
population	samples	from	Maltagliati	et	al.,	2010;	Penant	et	al.,	2013)	
provided	 a	FST	 value	 of	 0.02222,	 10	 times	 higher	 than	 the	FST	 cal-
culated	 for	 the	 SNPs	 dataset	 (FST	=	0.00217).	 POWSIM	 analysis	
(Table	5)	showed	that	the	cytb	FST	value	can	be	obtained,	in	the	case	
OTH KAP BOK KOR TRE TOG OTR POC
OTH 0.224 0.269 0.002 – – – 0.005 0.015
KAP 0.029 47.077 0.036 – – – 0.007 0.001
BOK – 0.001 12.446 0.003 – – – –
KOR – 0.000 – 2.997 0.006 – – –
TRE – 0.000 – 0.019 0.002 0.197 0.054 0.043
TOG – 0.002 0.003 – – 23.869 0.046 0.030
OTR 0.001 0.063 0.001 – – 0.003 0.660 0.474













OTH KAP BOK KOR TRE TOG OTR POC
OTH 1.326 0.651 0.444 – – – 0.441 0.649
KAP 0.671 2.293 0.357 – – – 0.667 0.433
BOK – 0.316 3.962 0.463 – – – –
KOR – – – 1.284 0.316 – – –
TRE – – – 0.809 0.316 1.236 1.177 0.384
TOG – 0.454 0.316 – – 1.914 0.962 0.834
OTR 0.316 0.465 0.316 – – 0.394 1.365 0.824
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of	complete	isolation,	in	as	few	as	2–5	generations	assuming	a	popu-
lation	size	of	100	females,	or	in	a	maximum	of	100–120	generations	
when	considering	 the	highest	 female	population	 size	of	2,500	used	
in	our	forward-	time	simulations.	For	all	the	combinations	of	genera-
tions	 and	 female	 population	 sizes,	 the	 power	 to	 detect	 differences	










Overall,	 the	 2b-	RAD	 population	 genomics	 analysis	 of	 the	 eight	
Adriatic–Ionian	 and	 two	 French-	Tunisian	 population	 samples	






Lagrangian	 simulations	 in	 the	 Central	 Mediterranean	 (Adriatic	 and	
Ionian	 seas)	 predicted	 a	 potential	 larval	 exchange	 among	 locations,	
altogether	supporting	the	connectivity	of	P. lividus	in	this	area	from	a	
seascape	genetics	perspective.




(France–Tunisia)	 Mediterranean	 samples.	 This	 result	 is	 consistent	
with	 previous	 studies	 (Maltagliati	 et	al.,	 2010;	 Penant	 et	al.,	 2013),	
based	mainly	on	mtDNA	sequencing,	where	significant	genetic	diver-
gence	between	 the	Adriatic	 Sea	 and	 the	 rest	of	 the	Mediterranean	
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small,	 indicating	 that	 shallow	 differentiation	 exists	 also	 at	 this	 very	
wide	geographic	scale	(>2,000	km).
In	 addition,	 the	 2b-	RAD	 approach	 was	 able	 to	 detect	 a	 fur-









tion,	 potentially	 providing	 complementary	 information	 that	 could	
be	used	 in	defining	conservation	units	 (Funk,	McKay,	Hohenlohe,	&	
Allendorf,	 2012).	 The	 genomic	 scan	 analysis	 of	 sea	 urchin	 samples	
identified	17	putative	outliers	under	directional	selection.	However,	










especially	 considering	 our	 limited	 sampling	 that	 prevented	 correla-












4.2 | Connectivity at the Adriatic–Ionian sea scale
Whether	 or	 not	 the	 putative	 outliers	 are	 taken	 into	 account,	 the	
results	of	our	molecular	analysis	highlight	an	incontrovertible	genetic	








Remarkably,	 SimuPOP	 forward-	time	 simulations	 provided	 clear	





migrants	 (5–15	 individuals	 depending	 on	 the	 population	 sizes)	 are	














Nf t FST Power Ne t FST Power
100 2 0.0100 0.075 400 2 0.0025 1
5 0.0249 0.385 5 0.0062 1
500 20 0.0198 0.245 2,000 20 0.0050 1
25 0.0245 0.390 25 0.0062 1
1,000 40 0.0197 0.260 4,000 40 0.0050 1
50 0.0250 0.380 50 0.0062 1
2,500 100 0.0198 0.195 10,000 100 0.0050 1
120 0.0236 0.320 120 0.0069 1
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correspond	to	a	migration	rate	ranging	from	0.15%	to	5%,	thus	to	a	
relatively	high	level	of	connectivity.
Notably,	 a	 scenario	 of	 genetic	 homogeneity	 with	 gene	 flow	 is	
consistent	 with	 the	 potential	 for	 larval	 connectivity	 obtained	 via	
Lagrangian	 simulations,	 performed	 by	 taking	 into	 account	 species-	
specific	life	traits	of	spawning	and	dispersal.	Simulations	suggest	that	
each	 sampling	 location	 within	 the	 Adriatic–Ionian	 basin	 is	 poten-
tially	connected	to	its	closest	neighbor	(mainly	in	a	counterclockwise	
direction,	 as	explained	above)	 through	a	 relatively	persistent	 flux	of	
propagules.	 In	 addition	 to	 these	 along-	shore	 connections	 between	
neighboring	 locations,	 a	 few	 cross-	basin	 dispersal	 events	 (between	
the	 eastern	 and	 western	 coasts	 of	 the	 Adriatic)	 can	 take	 place	 in	
both	 directions	 and	may	 sometimes	 reach	 also	 the	 furthest	 (Ionian)	
locations.	In	this	regard,	it	is	important	to	note	that,	according	to	our	
settings,	the	Lagrangian	simulations	should	provide	lower-	bound	(con-
servative)	 estimates	of	 potential	 connectivity.	This	 conservativeness	
is	the	result	of	at	 least	three	major	restrictions.	First,	we	considered	








et	al.,	1998)	and	 that	 larval	 survival	 is	 strongly	 reduced	at	 tempera-
tures	 above	 this	 threshold	 (Privitera	et	al.,	 2011).	Both	 assumptions	
predict	reduced	connectivity	during	summer.	Third,	dispersal	was	mod-
eled	only	among	locations	at	which	genetic	sampling	was	performed,	
whereas	 rocky	 shore	 habitats	 suitable	 for	P. lividus	 are	widely	 avail-
able	across	the	surveyed	area.	It	is	therefore	very	likely	that	stepwise,	
along-	shore	 connections	 between	 unsampled	 locations	 can	 greatly	
increase	the	potential	for	dispersal	among	the	modeled	locations.	For	
all	these	reasons,	we	believe	that	our	general	picture	of	potential	dis-
persal,	 suggesting	 a	 general	mixing	within	 the	Adriatic–Ionian	 seas,	
provides	 support	 for	 the	 hypothesis	 that	 the	 genetic	 homogeneity	
observed	in	the	area	is	due	to	exchange	between	locations.
4.3 | Discrepancies with published cytb results
The	 absence	 of	 genetic	 structure	within	 the	 Adriatic–Ionian	 basins	
obtained	with	SNPs	is	in	sharp	contrast	with	the	significant	differen-








pairs	within	 the	Mediterranean	 and	Adriatic	 basins,	 some	 of	which	































In	 this	 latter	case,	 the	successful	 reproduction	of	some	females	and	
the	subsequent	recruitment	of	their	offspring	would	quickly	increase	
maternal	 haplotype	 frequency	 leading	 to	 inflated	 differentiation.	 In	
particular,	 mtDNA	markers	 can	 be	 influenced	 by	 differences	 in	 sex	






in	 sperm	 recognition,	 were	 detected	 among	 otherwise	 genetically	
homogeneous	 cohorts	 (Calderón	 &	 Turon,	 2010;	 Calderón,	 Palacín,	
et	al.,	2009).
4.4 | Comparison with previous results in the 
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(Diplodus sargus sargus),	 a	 relatively	 sedentary	 species	 (D’Anna,	
Giacalone,	 Pipitone,	 &	 Badalamenti,	 2011;	 Di	 Franco	 et	al.,	 2011)	
with	 a	 1-	month	 PLD,	 for	 which	 an	 overall	 genetic	 homogeneity	 in	
the	southwestern	Adriatic	Sea	was	observed	using	microsatellites	(Di	
Franco	et	al.,	2012;	Pujolar	et	al.,	2013).	Based	on	this	evidence,	rocky	













and	Gaggiotti	 (Waples	&	Gaggiotti,	 2006),	 up	 to	10%	of	 individuals	
can	be	exchanged	at	each	generation	among	populations	maintaining	
their	 demographic	 independence.	 In	 our	 simulations	with	migration	
(Table	S5),	the	level	of	migration	between	populations	(0.15%–5%	per	
generation)	was	 lower	than	10%	of	 individuals	with	any	value	of	Ne. 
Assuming	that	these	values	of	Ne	are	sensible,	the	level	of	exchange	
between	our	samples	is	not	high	enough	to	justify	their	management	
as	a	single	population.	 In	contrast,	 taking	 into	account	 the	potential	
for	self-	seeding	suggested	by	the	Lagrangian	simulations	(Tables	3	and	
4),	and	the	potential	for	larval	export	suggested	by	the	genetic	anal-
yses,	 a	 local	 (yet	 coordinated)	management	of	marine	 reserves	may	
provide	an	effective	conservation	strategy	that	could	also	benefit	the	
surrounding	unprotected	areas.
On	 the	 other	 hand,	 the	 comparison	with	 other	 results	 recently	
produced	in	the	context	of	the	CoCoNET	project	(all	referring	to	the	




PLD	of	 about	1	month,	microsatellites	 genetic	 analyses	pointed	out	
a	 clear	 subdivision	 for	 the	 same	 species	 between	 the	 eastern	 and	
western	part	of	 the	Adriatic	 and	 Ionian	basins	 (Boissin	et	al.,	2016).	
In	 addition,	 when	 considering	 a	 key	 ecological	 species,	 the	 habitat	
former	Posidonia oceanica,	whose	propagules	float	passively	for	about	
28	days,	microsatellites	 showed	 a	 relatively	 low	 connectivity	with	 a	
possible	north-	to-	south	partition	(Jahnke	et	al.,	in	review).
Although	still	based	on	a	relatively	small	number	of	species,	 this	
comparison	 clearly	warns	 against	 inferring	 a	 general	 pattern	 based	
only	 on	 the	 duration	 of	 the	 dispersal	 phase	 of	 each	 species.	While	
a	propagule	duration	of	 about	1	month	may	be	 sufficient	 to	ensure	
genetic	mixing	in	some	species,	such	as	P. lividus,	it	may	be	insufficient	
to	 produce	 genetic	 homogeneity	 in	 others.	 Specific	 dispersal	 traits	
of	 propagules	 (such	 as	 reproductive	 timing,	 depth	 range,	 behavioral	












a	 species	with	 long-	distance	dispersal	 like	P. lividus.	However,	 com-
parison	with	 the	 few	 published	 studies	 regarding	 connectivity	 con-
ducted	in	the	same	area,	even	in	species	with	a	similar	PLD,	showed	







to	 refine	 biophysical	 models,	 such	 as	 basic	 information	 about	 the	
correlation	of	 physical	 and	biological	 drivers	 of	 reproductive	 timing	
and	larval	mortality,	which	both	have	a	strong	influence	on	connec-
tivity.	 The	 integration	 of	 all	 these	 aspects	 represents	 a	 crucial	 step	
toward	providing	a	general	framework	of	connectivity	at	the	commu-
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